According to a global rapid growth of FCV's (Fuel Cell Vehicles) market, Hydrogen Refueling Station (HRS) is to be constructed rapidly in order to accelerate its commercialization as an indispensable social infrastructure of FCV. At present, in Japan, approx. 100 HRS plants have been newly constructed and started thier commercial operation up to fiscal year of 2017.
Yoshida, Matsuo, Takata and Monde, Mechanical Engineering Journal, Vol.6, No.3 (2019) [DOI: 10.1299/mej. up to 82 MPa in Japan, pre-cooling system, and dispensing system, regardless of whether the HRS is on-site or off-site for hydrogen generation. The pre-cooling system cools the hydrogen gas down to its temperature of around -40 C to satisfy the safety regulation that the hydrogen temperature should be below 85 C at the tank during the hydrogen refueling process. This pre-cooling system is designed with the conventional heat process technologies of industrial brine circulating refrigeration system with heat exchangers, which requires electric power to drive a refrigerator maintaining the brine bath temperature approximately around -45 C. One of the highest requirements of HRS's operational performance is to ensure its full-refueling within around 3 minutes safely, that provides comparable convenience to an existing petrol-fuelled vehicle. For this requirement, the pre-cooling system has been equipped to the HRS. Several advanced research and engineering on hydrogen refueling process have been performed and demonstrated (Monde, 2006 and 2012) , and then a detailed analysis for heat transfer characteristics of the fuel tanks of FCV during high pressure gas refueling is also reported (Kuroki 2018 , Monde 2013 , and Woodfield 2008 .
The present study proposes an innovative system of hydrogen refueling without the conventional pre-cooling apparatus by introducing a turbo-expansion process that produces low temperature hydrogen at the system outlet. The thermodynamic analysis of the turbo-expansion process and its potential feasibility are described. This system provides higher energy conservation without -45 °C class refrigerators, which realize electricity saving almost 87 percent of precooling refrigerator for daily operation.
The designed turbo-expander corresponding to the typical standard HRS, namely the turbine rotor has quite small diameter with high speed rotation, which provides considerable compactness comparing to the conventional pre-cooling systems. This means the new system is able to reduce not only the initial cost but also erection and construction cost respectively, since the new system provides much smaller foot-print configurations compared to the conventional precooling system. In addition, this system would be suitable for refueling a large amount of hydrogen for larger vehicle such as a FC-Bus or Truck than the light FCV. Furthermore, the new system has a potential for the other industrial applications to every hydrogen gas refueling process and facilities, such as hydrogen gas refueling station for individual fuel tank for hydrogen fuel cell network in the future.
In this paper, by utilizing thermal property database of high pressure normal gaseous hydrogen (Sakoda, 2014) , the system investigation of new concept HRS with a hydrogen turbo-expander is performed, which eliminates conventional pre-cooler and -45 °C class refrigerators.
In order to meet a requirement of low temperature restriction of refueling hydrogen in the present refueling protocol, we install a cold accumulator unit at the outlet of the turbine. The cold accumulator unit works as a low temperature thermal buffer to maintain the hydrogen temperature not being about -40 °C.
Conventional system
The present HRS plant is typically composed of a high pressure hydrogen accumulator system including hydrogen compressor units and high pressure storage vessels, a pre-cooling system including a pre-cooling heat exchanger and a refrigerator, and a dispensing system as shown in Fig. 1(a) . Figure 1 (b) focuses on the part of pre-cooling system in Fig. 1(a) as a schematic flow diagram.
During the hydrogen refueling into the FCV tank, the tank temperature should be restricted to maintain lower than 85 °C due to the design limit of the bonding material on resin-forced layers of the tank. In order to satisfy this requirement, prior to refueling, the hydrogen gas is cooled down to below -40 C in a pre-cooler, resulting into temperature rise lower than 85 °C at any refueling condition specified in SAE-J2601 (2016 . This temperature rise is brought by an adiabatic compression of hydrogen refuelled into the tank. The pre-cooling is performed by a heat exchanger at the pre-cooler unit with the cold brine fluid (around -43--45 °C) chilled by a refrigerator. For example, the pre-cooling system for HRS with a typical capacity of flow rate of 300Nm 3 /hour requires around a 30-43 kW class refrigerator for cooling a hydrogen gas about -40°C. The existing pre-cooling system consists of several machineries such as refrigerator, condenser cooler, brine pump and brine piping, which makes the system more complicated and relatively wide foot prints shall be needed as shown in Fig. 1(b) .
In pre-cooling operation scenario, the conventional system requires a periodical pre-operation of the refrigerator intermittently in order to keep the temperature of fluid brine bath tank around below -43~-45 C during a stand-by waiting time Yoshida, Matsuo, Takata and Monde, Mechanical Engineering Journal, Vol.6, No.3 (2019) [DOI: 10.1299/mej.18-00388] 3. New process for pre-cooling system with a turbo-expander Figure 2 shows a proposed hydrogen refueling system using a turbo-expander in place of conventional pre-cooling system. Obviously, the new system is quite simpler than the conventional one ( Fig. 1(b) ). The turbo-expander provides a cryogenic enthalpy drop by extracting an expansion work from the fluid resulting in outlet gas temperature decrease. The cooling of hydrogen is done by its own change of state and not by heat transfer. Therefore, the new system can obtain cold hydrogen instantaneously compared with the conventional system. This expansion process is performed by high-speed rotation of a turbine rotor, without any external energy input such as electrical motors for conventional pre-cooling system. Therefore, the new system enables us to conserve the energy input for operation, and this simple flow configuration provides much more compactness of the equipment, which conducts to attain the cost down of the system totally.
For the new process a turbine-compressor type is adopted to the turbo-expander unit. An extracted thermodynamic power from the turbine side is consumed as a compression power which is equipped on the opposite side of the turbine rotor. This turbine-compressor method also provides advantages to the process with higher expansion ratio to the turbine inlet pressure. In the detail design of the turbo-expander unit, the turbine rotor should have a very small diameter with ultra-high circumferential velocity to ensure small flow rate and high expansion ratio of hydrogen. When we design this system for the typical standard capacity of HRS, we determine the specification of the hydrogen turboexpander as 10 mm in diameter and over 1,000 krpm in rotating speed approximately. The type of the turbine is Yoshida, Matsuo, Takata and Monde, Mechanical Engineering Journal, Vol.6, No.3 (2019) [DOI: 10.1299/mej.18-00388] categorized as a gas bearing supported inward type micro turbo-expander.
For a typical proccess, in accordance with Fig. 2 , hydrogen is supplied with a typical initial flow rate of around 33 g/s (maximum) from the accumulator unit whose pressure and temperature are around 82 MPa and 30 C, respectively. The hydrogen is induced to the inlet of compressor impeller that is equipped at the opposite side of the turbine rotor and, then, it is compressed up to around 104 MPa and cooled in an after-cooler down to around temperature 10-20 C by a cooling source, such as air-cooled cooler or chilled water. The hydrogen is expanded by the turbine directly to extract expansion work as an ultra-high rotating speed around 1,000 krpm as designed.
The typical T-s diagram of the turbine process are shown in Figs. 3(a) and (b) as the initial and intermediate cases during refueling, respectively. In both figures, the induced hydrogen gas source is maintained at 82 MPa and 30 °C from the hydrogen accumulator. Fig. 3(a) shows a typical status at the initial stage in high expansion ratio that provides higher turbine inlet pressure around 102 MPa at outlet of the compression impeller. In the meanwhile, Fig. 3(b) shows a typical example of intermediate stage in intermediate expansion ratio that the turbine inlet pressure is decreased in accordance with decreasing of turbine power. In order to make a hydrogen supply temperature over -40 °C, hydrogen gas is induced to a cold accumulator unit for satisfying the present refueling protocol. In this simulation, an overall turbine adiabatic efficiency is set 65 % and, which is attainable in the conventional cryogenic process plant.
Through the dispensing unit, the expanded hydrogen is measured and regulated to meet the refueling protocol. In conclusion, the turbine unit can be designed as to be compact around 85 % reduction of the machine hard volume ratio against to the conventional system. Figure 4 shows a turbine expansion system with a metric dimension in the unit. Furthermore, the proposed turbine system has a possibility to shorten the refueling time by arranging several turbine units in parallel for future application design. This means the turbine system has an advantageous possibility for the easy enlargement or expandability of the capacity of the HRS with lower cost. Yoshida, Matsuo, Takata and Monde, Mechanical Engineering Journal, Vol.6, No.3 (2019) [DOI: 10.1299/mej.18-00388] 
Simulation model and conditions
Regarding to the standard refueling protocol, so far, several refueling process simulations have been performed systematically using H2Fill software which has been developed to analyze the temperature and pressure in the tank during refueling process of hydrogen by Monde et al. (Monde 2006 , 2012 , 2013 , and Woodfield 2008 . By using the same simulation codes (Monde 2013) , linked with thermal properties of hydrogen (Sakoda 2014) , thermodynamic simulation for the new refueling system with the turbine can be totally evaluated. For the new proposed system, the process calculation is performed from [A.] expansion turbine unit to [C.] tank reservoir as shown in Fig. 2 consistently. A simulation model and its calculation flow chart are shown in Fig 5(a), (b) Vol.6, No.3 (2019) [DOI: 10.1299/mej.18-00388]
Expansion turbine unit
In the expansion turbine process, enthalpy of turbine outlet is calculated to meet the condition specified from the pressure at the refueling tank for every calculation seconds consistently. An outlet condition is calculated from the inlet conditions and turbine efficiency.
Obviously, the expansion ratio of the turbine changes approximately from 13 to 1.2 with time in accordance with an increasing of tank pressure during its refueling. Therefore, the turbine outlet conditions are changed continuously up to fulfilment, enthalpy drop decreases by elapsed time resulting from the changing of turbine rotation speed and turbine efficiency etc. This means turbine outlet temperature changes during refueling operation.
Cold accumulator unit
The turbine outlet temperature will go down under -40 °C in the initial stage of the refueling operation, around 30 seconds, in a typical case, as shown in Fig. 3(a) . This temperature fall is not accepted in the present refueling protocols, even though the final temperature in the tank surely becomes lower than 85 °C in the new process. For the proposed new process, therefore, a cold accumulator that controls the hydrogen temperature over -40 °C would be needed for practical use to meet the requirement of refueling protocol. Figure 5 shows a tube type cold accumulator model, which will be installed at the outlet of turbine to relax an exceeded temperature over -40 °C.
The proposed accumulator consists of Copper inner tube and Stainless steel outer tube as shown in Fig. 5(a) . These dimensions are designed as 3.0 mm /6.3 mm for inner tube and 6.3mm /14.3mm for outer tube, respectively. The inner tube with its dimension can be smoothly connected to the downstream pipe line.
A thermal simulation is performed by solving a transient heat conduction in the accumulator in connection with turbine outlet temperature and then by calculating the temperature at the exit of the accumulator. A procedure of the simulation is firstly to solve these transient heat transfer for two annular tubes and secondly to calculate heat balance for a length of flow direction. The following transient heat conduction equations for inner and outer tubes are numerically solved with initial and boundary conditions.
For initial condition:
For boundary conditions:
where H is a thermal conductance between inner and outer tubes. It may be noted to mention that a small value of H serves as a large thermal resistance and then a large value beyond H = 10 5 [W/(m 2 K)] corresponds the perfect conductance.
The temperatures for two annular tubes are given by T1(r, t) and T2(r, t) respectively. The analytical solutions for equations (1) and (2) become as follows. Yoshida, Matsuo, Takata and Monde, Mechanical Engineering Journal, Vol.6, No.3 (2019) [DOI: 10.1299/mej.18-00388]
In order to calculate numerically the transient temperatures T1 and T2, the first to the fourth terms for 1,n and 2,n are used. The details for each parameter in Eqs. (5-a) and (5-b) will be described in Appendix. The temperature changes along the flow direction due to heat transfer between hydrogen and tube wall. Therefore, the tube is divided into several domains for numerical simulation. The length for each section changes from L = 0.1 m to 0.4 m or larger depending on the accuracy of the exit temperature. In most cases, the length of L = 0.1 m is sufficient to evaluate the temperature with a convergence criterion of 10 -5 . For each section of L, the tube wall temperature is assumed as constant, and outlet hydrogen temperature is obtained from each heat balance. This section is based on results obtained from a project subsidized by the New Energy and Industrial Technology Development Organization (NEDO).
Refueling reservoir unit (refueling to tank)
Simulation for this process is preformed independently by using former procedure (Monde 2013) . Basic heat balance equation in the refueling tank is described as follows.
In Eq.(6), Q is a heat transfer between hydrogen and tank wall. The hydrogen temperature can be calculated through H2Fill* software based on Eq. 6. (Monde 2012 , 2013 , and Woodfield 2008 . The inlet hydrogen condition is linked from the outlet condition for each calculation time τ.
Simulation result
The process simulation was performed by each time interval linking each calculated condition values consistently. The tank volume of 150 L, which is almost equivalent to the standard protocol, was set as that of typical middle class FCV, and then an initial pressure level is set as 8 MPa tentatively, and an initial temperature as 20 C. The turbine work can be calculated from the adiabatic enthalpy drop and the mass flow rate of each period, and the turbine work is converted into the compression power at the compressor side which is equipped on the opposite side of the turbine impeller, resulting the hydrogen pressure and temperature at the compressor outlet point induced into the after cooler. The calculation was combined with the tank refueling part and continued until the tank pressure becomes 70 MPa to the completion of refueling. The calculation is performed by a typical refueling scenario for middle class FCV, and 5 kg of hydrogen should be filled within 3 minutes. In this calculation, turbine flow rate designed is set as 33 g/s for initial expansion ratio and overall efficiency is assumed to be 65 %, which is attainable in the cryogenic process plant. Figure 7(b) , for an example, shows the temperature at the exit of accumulator with a length of 4.0 m under the condition of ambient temperature Tout = 20 °C, heat transfer coefficients of 10 W/m 2 K on the outside and 40000 W/m 2 K on the inside, perfect conductance between two tubes and then the inlet temperature of Tin, which just corresponds to one at the exit of the turbine with the efficiency of 65 %.
It is noticed from Figs.7(a) and (b) that the temperature at the exit of the accumulator almost becomes higher than -40 °C which obeys the refueling protocol, while the inlet temperature in the early stage of fueling is lower than -40 °C. In addition, Figs.7(a) and (b) tells us that the temperature in the tank still satisfies the regulation being lower than 85 °C, in spite of shorter refueling time of 130 s compared with that of around 180 s in an conventional HRS.
It should be mentioned finally that although the simulation has been carried out based on the perfect conductance between copper and stainless-steel tubes, an effect of the thermal conductance between them will be evaluated for practical application of this system. Yoshida, Matsuo, Takata and Monde, Mechanical Engineering Journal, Vol.6, No.3 (2019) [DOI: 10.1299/mej.18-00388] 
Simulation for future system
As a future refueling process with turbo-expander, we propose an ultimate system without cold accumulator unit, after any low temperature restrictions and regulations are effectively excluded. In this case, turbine outlet gas is supplied as a refueling hydrogen in to the tank directly. Simulated results are shown in Fig. 7(c) . The calculation was performed under the same method and conditions as described above. Figure 7 (b) and 7(c) also show that for the conventional case, the gas temperature in the tank rises up to 85 °C as an exponential shape which shows a steep temperature take-off, while for the new process case, for the system without the cold accumulator unit. In the meanwhile, as shown in Fig. 7(c) , the gas temperature behaves relatively lower increasing for starting, and rising up to 85 °C like in a lineally, corresponding to the decrease in enthalpy drop at the turbine outlet toward the last part.
In the early stage of refueling, it is so effective that the lower temperature hydrogen at the turbine outlet works to reduce a rapid temperature uprising like a conventional case.
Feasibility study
Comparing to the conventional pre-cooling system, the new system with turbo-expander has the following feasible advantages as shown in Table 1 . Yoshida, Matsuo, Takata and Monde, Mechanical Engineering Journal, Vol.6, No.3 (2019) [DOI: 10.1299/mej. In the deigned cost estimation, the initial machine cost of the turbo-expander system will be lower than the cost of summation for refrigerator, pre-cooler and, brine piping etc. The significant compactness also has a potential to reduce the cost of dispenser itself with smaller footprint.
For the construction cost at site, evidently, the new system provides much lower expenditure because of its compact unit configuration and provides much shorter period of construction at site. In addition, for the daily operation of the HRS in commercial, cost of electricity is able to be reduced compared to the conventional precooling system with an electrical refrigerator. 
Conclusions
The present paper has proposed a new type of hydrogen refueling system with a turbine expansion unit instead of pre-cooling unit. Thermodynamic simulation on the proposed system has been performed by the same method of prereported simulation codes and thermo-physical property package. The results are summarized as the following.
1. The turbine expanding system for refueling the hydrogen gas applied for HRS has a large advantage and feasibility to the conventional precooling system. 2. A mechanical design of expansion turbine for this new system, tells us that turbine rotor diameter is 10 mm, whose design speed is around 1,000 k-rpm. It was found from the thermodynamic simulation that the turbine adiabatic efficiency is predicted around 65 % for the reasonable process for this system.
For commercialization, we go ahead with manufacturing of prototype turbine unit to verify the effectiveness of the system and testing for matching with refueling protocols thermodynamically.
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